[1] The Kung Co rift is an approximately NNW striking, WSW dipping normal fault exposed in southern Tibet and is part of an extensive network of active approximately NS striking normal faults exposed across the Tibetan Plateau. Detailed new and published (U-Th)/He zircon and apatite thermochronometric data from the footwall of the early Miocene Kung Co granite provide constraints on the middle Miocene to presentday exhumation history of the footwall to the Kung Co fault. Inverse modeling of thermochronometric data yield age patterns that are interpreted as indicating (1) initiation of normal fault slip at ∼12-13 Ma and rapid exhumation of the footwall between ∼13 and 10 Ma, (2) acceleration of normal fault slip at rates of 21.9-6.9 mm/yr at ∼10 Ma, (3) rapid thermal reequilibration between 10 and 9 Ma, and (4) slow exhumation and/or quiescence from ∼9 Ma to the present day. Hanging glacial valleys in the footwall and fault scarps that cut late Quaternary till and moraine deposits indicate that fault slip continues today. Middle to late Miocene initiation of extension across the Kung Co rift is broadly the same as the documented initiation of EW extension across the south central Tibetan Plateau. Eastward flow of middle or lower crust from beneath Tibet accommodated by northward underthrusting of Indian crust beneath Tibet provides a plausible explanation for the onset of EW extension across the Tibetan Plateau.
Introduction
[2] The Himalayan orogeny records Eocene to Recent continental collision and convergence between India and Asia and profound crustal thickening. Yet, active deformation in the Tibetan Plateau is dominated by NS striking normal faults and kinematically linked NW and NE striking strike-slip faults. Several research groups have postulated that EW crustal extension within the Tibetan Plateau is the result of constant stress along the southern margin of the plateau, but have proposed different driving mechanisms including (1) basal shear caused by the Indian plate sliding obliquely beneath Tibet along a gently dipping, arcuate plate boundary [McCaffrey and Nabelek, 1998; Liu and Yang, 2003] and (2) lithospheric downwarping and oroclinal bending [Klootwijk et al., 1985] . Alternatively, others have proposed that a change in the stress field and subsequent gravitational spreading resulted in the initiation of EW crustal extension. Postulated models include (1) removal of lithospheric mantle [England and Houseman, 1989; Molnar et al., 1993; Jiménez-Munt and Platt, 2006] ; (2) changes in the thermal structure and density distribution within the upper crust and mantle [Blisniuk et al., 2001] ; (3) flow within a low-viscosity lower crust [Shen et al., 2001; Copley and McKenzie, 2007; Cook and Royden, 2008] ; (4) underthrusting of Indian lithosphere beneath the southern half of Tibet [DeCelles et al., 2002] ; and (5) cessation of mantle upwelling and back-arc spreading along the eastern edge of Asia [Yin, 2010] .
[3] These models make testable predictions about the spatial and temporal distribution of extensional faulting across the Tibetan Plateau. For example, oroclinal bending [Klootwijk et al., 1985] predicts that extension should be restricted to southern Tibet and extension driven by underthrusting of Indian lithosphere beneath southern Tibet implies that the timing of extension across the plateau should young northward [DeCelles et al., 2002] .
[4] To evaluate the hypothesized mechanisms by which approximately NS striking normal faults developed within the NS convergent Himalayan orogen, the spatial and temporal distribution of extension across the Tibetan Plateau are needed critical data sets. In this paper, we describe zircon and apatite (U-Th)/He thermochronometric results collected over a vertical distance of 1065 m in the footwall of the Kung Co normal fault, south central Tibet. Inverse modeling of these and published thermochronometric data document the lowtemperature cooling and exhumation history of the footwall and middle to late Miocene to present-day faulting history along the Kung Co fault. From these data, we interpret middle to late Miocene initiation of extremely rapid exhumation along the Kung Co fault. These data, combined with timing of EW extension across the plateau, provide insight into the processes that drove the onset of extension across the Tibetan Plateau.
Geologic Setting
[5] The Kung Co half graben is developed within the Tethys Himalaya ∼100 km northwest of Mount Everest (Figure 1 ). The Kung Co half graben is bounded along its east edge by the Kung Co fault, a NNW striking, WSW dipping normal fault. The fault juxtaposes a hanging wall of till and alluvial deposits, and moraines [Armijo et al., 1986] upon a footwall of a weakly to moderately deformed two-mica potassium feldspar porphyritic to equigranular Kung Co granite which has intruded and contact metamorphosed strongly deformed Tethyan sediments (Figures 1, 2 , and 3). Temperature-pressure conditions during contact metamorphism have been estimated at ∼520°C-545°C and <3 kbar [Mahéo et al., 2007, hereafter M07] , implying that the Kung Co granite was emplaced at relatively shallow structural levels.
[6] The footwall of the Kung Co fault is one of several domal structures, called the North Himalayan gneiss domes, that are exposed within the Tethys Himalaya about halfway between the Indus-Tsangpo suture to the north and the High Himalaya to the south, and within the hanging wall of the north dipping Gyirong-Kangmar thrust fault (Figure 1 ).
Kung Co Fault and Associated Structures
[7] The Kung Co fault consists of a main strand defined by a fault plane that cuts a weakly foliated Kung Co granite and strongly deformed Tethyan sediments. The main strand of the fault is locally exposed within the granite and defined by polished and striated fault surfaces, fault breccias, and a set of fractures, subparallel to the fault plane, developed over a several meter wide zone in the footwall (Figure 2 ). The dip of the exposed bedrock fault plane ranges from 46°to 78°to the southwest; the average orientation is a dip of 60°toward Oblique view east at a well-developed triangular facet, Butra Ree, along the central part of the SW dipping Kung Co fault. The fault is exposed at the base of the SW dipping planar exposure of Kung Co granite and juxtaposes till and alluvial deposits and moraines in the hanging wall against the Kung Co granite in the footwall. Height of this footwall escarpment above the valley floor is ∼1.6 km. Zircon and apatite (U-Th)/He samples were collected from this triangular facet (see Figure 3 for sample locations). Figure 4 ). Fault striations, defined by centimeter-to millimeter-spaced mullions and grooves, show a moderate range in orientation and average a trend and plunge of 226°, 59°, implying nearly pure dip slip motion (Figure 4 ). Using the fault kinematic analysis method of Marrett and Allmendinger [1990] , fault slip data from the Kung Co fault yield a shallowly plunging southwest-northeast extension direction (azimuth of 235°and plunge of 15°) (Figure 4) . Fractures within the granite are somewhat steeper than the fault plane with an average orientation of a 70°dip toward 235°.
241°(
[8] Secondary fault strands are exposed in the hanging wall of the primary fault, and are defined by fault scarps that cut and offset till and moraine deposits. Evidence for active faulting along the Kung Co fault includes a steep range front (∼30°), well-developed triangular facets with relief as much as ∼1100 m (Figures 2 and 3) , hanging glacial valleys in the footwall, and fault scarps cutting late Quaternary till and moraine deposits.
[9] A weakly to moderately developed foliation defined by alignment of micas at the mesoscopic scale within the granite is cut by the Kung Co fault. Average orientation of this Figure 3 . Simplified geologic map across the Butra Ree portion of the Kung Co rift showing location of (U-Th)/He thermochronometric samples from this study (black circles and roman font) and M07 (white circles and italic font). Location of map is shown in Figure 1b .
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foliation is a 43°dip toward 242°, a bit shallower than the fault plane (Figure 4) . In thin section, evidence for ductile deformation in the granite is weak. Quartz grains show subgrain development with bulging boundaries and local development of ribbon grains. Potassium feldspar grains exhibit undulatory extinction locally, but generally do not exhibit evidence for ductile deformation. Plagioclase grains show strong undulose extinction locally and are associated with fine-grained domains probably reflecting grain size reduction. These mineral textures suggest deformation temperatures of ∼300°C-400°C during formation of this foliation [Hirth and Tullis, 1992; Stipp et al., 2002; Pryer, 1993] .
[10] The similarity in orientation of the foliation, fault plane, and fractures developed within the granite suggests that these structures record a history of progressive exhumation during normal faulting from a depth where temperatures were sufficiently high that the granite underwent weak ductile deformation to shallow crustal levels where brittle deformation dominated.
U/Pb Zircon Ion Microprobe Geochronology
[11] To determine the age of the Kung Co granite across which we collected a number of samples for (U-Th)/He thermochronometry, we performed U/Pb analyses of zircons from one of those samples (KD57) using a Cameca IMS1270 high mass resolution, high-sensitivity instrument. Sample locations, representative cathodoluminescence (CL) images, and concordia diagram are shown in Figures 3 and 5. Analytical techniques follow those of Lee and Whitehouse [2007] and results of U-Th-Pb isotopic analyses are given in Table 1 .
[12] CL images of zircons from sample KD57 show bright, low (relative to rims; see below) U (1127 ppm on average) n2702-5A-r 3,700 10 0.0078 2.05 0.0424 ± 5.7% 0.05865 ± 1.4% 0.002701 ± 1.3% 0.002757 ± 1.3% 17.4 ± 0.2 17.5 ± 0.2 n2702-29B-r 6,600 22 0.018 12.72 0.030 ± 100% 0.132 ± 12% 0.002704 ± 3.3% 0.003099 ± 2.0% 17.4 ± 0.6 17.8 ± 0.6 n2702-25B-r 3,700 10 0.0085 0.25 0.0443 ± 2.3% 0.04627 ± 1.6% 0.002757 ± 1.3% 0.002764 ± 1.3% 17.8 ± 0.2 17.8 ± 0.2 n2702-26A-r 5,400 16 0.013 0.18 0.04610 ± 1.6% 0.04756 ± 1.3% 0.002774 ± 1.2% 0.002779 ± 1.2% 17.9 ± 0.2 17.9 ± 0.2 n2702-16A-r 7,700 23 0.014 0.56 0.0464 ± 2.4% 0.05086 ± 1.8% 0.002779 ± 1.3% 0.002795 ± 1.3% 17.9 ± 0.2 17.9 ± 0.2 n2702-1B-r 5,100 15 0.017 0.16 0.04545 ± 1.6% 0.04668 ± 1.3% 0.002780 ± 1.3% 0.002785 ± 1.3% 17.9 ± 0.2 17.9 ± 0.2 n2702-7B-r 6,800 20 0.012 1.15 0.0451 ± 2.8% 0.05419 ± 1.5% 0.002789 ± 1.3% 0.002821 ± 1.3% 18.0 ± 0.2 18.0 ± 0.2 n2702-12A-r 9,300 27 0.0013 0.24 0.04540 ± 1.3% 0.04726 ± 1.0% 0.002803 ± 1.3% 0. cores that exhibit oscillatory to convolute zoning to homogeneous textures (Figure 5a ). Cores show a wide range in ages from ∼116 to >1200 Ma, and preserved oscillatory zoning and high Th/U ratios (most analyses yield ratios >0.1) suggest these are igneous in origin and xenocrystic [e.g., Vavra et al., 1999; Rubatto and Gebauer, 2000] . In sharp contrast to the cores are darker, oscillatory-zoned rims ( Figure 5a ) with very high U concentrations from ∼4000 to >17,000 ppm (average 8566 ppm), accompanied mostly by very low Th/U ratios (<0.04), the few exceptions possibly represent analyses that sampled small monazite inclusions. U-Pb ages (207-corrected ages derived by projecting through the common Pb uncorrected data points onto concordia, assuming concordance) for the rims range from 20.0 ± 1.2 to 17.5 ± 0.4 Ma and a simple weighted average of all analyses yields 18.74 ± 0.21 Ma (2 sigma) but with an MSWD value of 5.7 indicating scatter beyond that explained by the observed analytical errors alone. Two possibilities (at least) may account for the spread in individual ages, either (1) variable amounts of Pb loss from very high-U zircon resulting in younger ages or (2) a U/Pb ratio calibration bias commonly documented in SIMS analysis of high-U zircons [e.g., McLaren et al., 1994] that results in older ages, or a combination of both. Unfortunately, neither explanation is satisfactorily supported by the observed data: the youngest ages are observed in the lowest U zircon rims which would be least expected to undergo Pb loss and, although five analyses with >10,000 ppm U yield ages in excess of 19.2 Ma, those between 6000 and 10,000 ppm exhibit almost the entire range of rim ages. Our preferred age is based on a group of 19 rims chosen to minimize the observed MSWD from the maximum number of included analyses. These yield a weighted average 207-corrected age of 19.06 ± 0.15 Ma (2-sigma) with an MSWD of 1.6 and an almost identical Concordia age (in the sense of Ludwig [1998] ) (Figures 5b and 5c ), which we interpret as an emplacement age for the granite. Our zircon U/Pb age is more tightly constrained, but the same, within error, as the interpreted concordia lower intercept age of 22 ± 2.7 Ma from zircons analyzed using ID-TIMS (M07).
(U-Th)/He Thermochronometry and Inverse Modeling
[13] To gain insight into the low-temperature cooling and exhumation history of the footwall related to slip along the Kung Co normal fault, we collected 11 samples for zircon and apatite (U-Th)/He thermochronometry from the Kung Co granite along an ∼1065 m high vertical transect up Butra Ree, a well-developed triangular facet exposed along the southern trace of the fault (Figures 2, 3 , and 6). Zircon and apatite (U-Th)/He sample processing and analytical procedures for samples from this study follow that described by Lee et al. [2009] and zircon and apatite (U-Th)/He age results are given in Table 2 .
[14] (U-Th)/He zircon and apatite ages from our transect yield an elevation invariant weighted mean age of 10.0 ± 2.6 Ma ( Figure 7 ). There is no significant difference in age among apatite-zircon pairs for any of the samples, indicating very rapid exhumation. M07 reported (U-Th)/He zircon and apatite ages for five samples collected along an ∼675 m horizontal transect within the drainage ∼0.8-1.4 km northwest of our sample transect (Figures 3 and 6 ). Their zircon and top two apatite samples yield the same age, within 2 sigma error, to our zircon and apatite ages ( Figure 7) ; the mean age for all these samples is 9.9 ± 2.3 Ma. Their three lowest elevation apatite samples yielded ages that decrease with elevation from 7.5 ± 1.6 Ma to 4.1 ± 1.1 Ma (mean age ±2 sigma error for the two lowest elevation samples), suggesting slow cooling through a Miocene-Pliocene apatite partial retention zone.
[15] At first glance, these two data sets appear to indicate a different exhumation history for the Kung Co granite despite their spatial proximity. Our data set is straightforward pointing to rapid exhumation at ∼10 Ma, whereas M07's data set suggests a period of slow cooling during a longer time period. Furthermore, based on their data, M07 proposed initiation of normal faulting along this part of the Kung Co rift at ∼4 Ma, significantly younger than what our data reveal. Because models proposed for the development of EW extension across the Tibetan Plateau make predictions about the timing of normal faulting, it is essential to determine an exhumation/cooling history consistent with both sets of data.
[16] To quantify the cooling and exhumation history of the footwall to the Kung Co fault, we completed inverse modeling of (U-Th)/He zircon and apatite ages (this study and M07) from the Kung Co granite, using the (U-Th)/He modeling software package (HeMP) (Figures 8, 9 , 10, and 11). The advantage of HeMP over other software, for example HeFTy [Ketcham, 2005] , is that it allows inverse modeling of multiple thermochronometer 1-D vertical sample transects. An overview of our approach including the basic equations solved within the HeMP software and other data are given in Appendix A. To model an entire transect, a randomly created thermal history is offset equally to higher temperatures using the vertical sample spacing and a range of user-defined geothermal gradients. Although randomly created, we chose to restrict the t-T space based on the following constraints. As a starting point, we Pb counts were indistinguishable from baseline and in these cases, no correction has been applied. 
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assigned a temperature range of 520°C-545°C at 18 Ma followed by mica 40 Ar/ 39 Ar age data reported by M07 (mean ±2 sigma biotite and muscovite age of 15.5 ± 1.7 Ma at 270°C-405°C). Given the overlap in zircon and apatite (U-Th)/He ages, a large box spanning the interval between 5°C and 220°C at 10.0 ± 2.0 Ma allows for rapid cooling below ∼185°C and ∼70°C, the estimated closure temperatures for zircon and apatite, respectively [Wolf et al., , 1998 House et al., 1999; Stockli et al., 2000; Tagami et al., 2003; Stockli, 2005] , to the estimated annual surface temperature of 5°C. The wide range of apatite ages in M07's data set could be the result of either very slow cooling through the apatite Figure 6 . (a) Zircon and (b) apatite (U-Th)/He ages from this study (black circles and bold font) and M07 (white circles and italic font) projected onto an NE-SW cross section across the Kung Co granite. Location of cross section shown in Figure 3. partial retention zone or a post exhumation reheating event.
To incorporate both scenarios into our modeling, another constraint was added between 7 and 3 Ma to allow for an increase in temperature. Utilizing the algorithms described by Ketcham [2005] , HeMP calculates model ages for each thermal history and evaluates the results against the corresponding sample ages based on a "goodness of fit" (GOF) criterion [Ketcham et al., 2000] . The results are a family of random thermal histories consistent with the thermochronometric data and constraints on geothermal gradients. To fit thermal histories to our data set, we decreased the number of samples evaluated against the model ages to five and allowed three outliers. Model run parameters as well as number of acceptable solutions for each geothermal gradient are given in Figure 11 . One of the challenges in the inverse modeling approach is providing enough guidance for the random t-T history generation to yield a meaningful number of solutions without missing possible cooling scenarios by over constraining the model. For both data sets, the acceptable cooling paths are well within our constraint boxes for the zircon and apatite data, evidence in support of the validity of our model setup.
Interpretation of Thermochronometric Data
[17] Results of inverse modeling of (U-Th)/He zircon and apatite ages (this study and M07) using HeMP are shown in Figures 9, 10, and 11. Our early modeling efforts showed that treating our and M07's data sets as one vertical transect did not yield any acceptable solutions and therefore had to be modeled independently for reasons explained later in this section. As a consequence, model results yield acceptable fits for zircon and apatite samples from this study and from M07, but at different geothermal gradients (Figures 9, 10 , and 11). For samples from this study, geothermal gradients of 15°C-50°C/km yield acceptable thermal histories; the 15°C/km geothermal gradient yields the maximum number of acceptable thermal histories (Figures 9 and 11) . However, the combination of an estimated pressure of <3 kbar (<8.1 km) Number of replicates per sample. For this study, see Table S1 for replicate analyses; for the Mahéo data set, see Mahéo et al. [2007] for replicate analyses.
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in the contact metamorphic aureole of the Kung Co granite (M07) with postulated onset of exhumation at 12-13 Ma at temperatures of ∼300°C (see discussion on synoptic cooling history below; Figure 12 ) suggest that a geothermal gradient of ∼35°C/km is more reasonable. Inverse modeling results indicate that the Kung Co granite underwent rapid cooling from temperatures of ∼420°C-275°C at ∼15.5 Ma to temperatures of ∼220°C at ∼12-10 Ma (Figure 9 ). This rapid cooling event was followed by extreme rapid cooling (∼280°C/Ma) from temperatures of ∼200°C to ∼60°C-5°C between ∼12-10 Ma and ∼9 Ma. Assuming a constant geothermal gradient of 15°C-50°C/km, this cooling rate implies that the 1065 m vertical section of the Kung Co granite was exhumed at a high rate of 19-6 mm/yr. This extreme rapid cooling episode was, in turn, followed by either slow cooling or quiescence from ∼50°C-5°C to a surface temperature of ∼5°C since ∼9 Ma or slow cooling to a surface temperature of ∼5°C interrupted by a minor reheating event characterized by a ≤40°C increase in temperature between ∼8 and 4 Ma (Figure 9 ).
[18] Model results for zircon and apatite samples from M07 yield acceptable fits for geothermal gradients of 110°C-300°C/km (Figures 10 and 11) , considerably higher than for samples from this study. A geothermal gradient of 180°C/km yields the maximum number of acceptable thermal histories and indicates that the Kung Co granite underwent rapid cooling from temperatures of ∼400°C-270°C at ∼15.5 Ma to temperatures of ∼220°C-180°C at 10-12 Ma (Figures 10  and 11 ). This rapid cooling event was followed by very rapid cooling (∼100°C/Ma) as temperatures dropped from ∼150°C to ∼30°C-5°C between ∼10 Ma and ∼9 Ma. Cooling of the footwall ended with either slow cooling from ∼30°C-10°C to a surface temperature of ∼5°C or slow cooling to a surface temperature of ∼5°C interrupted by a minor reheating event characterized by a ≤25°C increase in temperature between ∼7 and 5 Ma (Figure 10 ).
[19] We suggest that the similar model cooling histories for samples from this study and from M07, but under different geothermal gradients, is a consequence of sample location with respect to the range-bounding fault (Figure 6 ). The zircon and apatite samples from our study were collected along the exhumed footwall escarpment over a vertical distance of ∼1065 m (Figures 2, 3, and 6 ). In contrast, M07's samples were collected from a river valley and therefore deeper (a horizontal distance of between ∼105 and 780 m) from within the Kung Co granite relative to the range- LEE ET AL.: RAPID EXHUMATION KUNG CO RIFT, TIBET TC2007 TC2007 Figure 11 . Histograms showing the number of HeMP model generated cooling histories that successfully fit zircon and apatite (U-Th)/He age data (a) from this study and (b) from M07 for a given geothermal gradient.
bounding fault (Figures 3 and 6) . Two-dimensional numerical studies show that normal faulting, accompanied by footwall erosion and hanging wall sedimentation, result in upward advection of isotherms in the footwall and downward advection of isotherms in the hanging wall. The consequence is compressed convex up footwall and concave up hanging wall isotherms that can mimic topography [Ehlers and Chapman, 1999; Ehlers et al., 2001; Ehlers and Farley, 2003] . As a result, (U-Th)/He samples collected in close proximity to the fault will record a cooling history that is different to those samples collected distal to the fault and, therefore, from deeper within the footwall (Figure 12 ).
[20] We postulate that extreme rapid exhumation (19-6 mm/yr) in the footwall of the Kung Co normal fault locked in zircon and apatite samples from this study at the same apparent (U-Th)/He age of ∼10 Ma (Figures 7, 9b, and 12) . Given a 60°dipping fault, this exhumation rate implies a fault slip rate of 21.9-6.9 mm/yr. Advection of the footwall resulted in convex-up isotherms that mimicked the geometry of the range front fault (Figure 12b ). The result was compression of isotherms and a short-lived elevated geothermal gradient of between 100°C and 300°C/km soon after which samples from this study cooled below ∼185°C and ∼70°C, the estimated closure temperatures for zircon and apatite. In contrast, M07's samples, collected over a horizontal distance rather than a vertical one, were located deeper into the footwall and distal to the range front fault relative to our samples. Therefore, because of the compressed, advected isotherms, M07's samples were still above 185°C (Figure 12b ). During thermal reequilibration following extreme rapid exhumation, all of M07's samples cooled relatively quickly through the zircon closure temperature causing a near vertical age versus elevation trend (Figures 7, 10b, 12b, and 12c ). The topmost of M07's samples also initially cooled relatively rapidly through the apatite closure temperature, however as the thermal reequilibration rate decayed with time, the deepest samples underwent progressively slower cooling between ∼9 and 4.1 Ma (Figures 7, 9b, 12c, and 12d) .
[21] A few of the model cooling curves yield a transient and small (≤40°C) reheating event between ∼8 and 4 Ma for the lowest elevation samples at the range front (Figures 9a and  10a) . If reheating did occur, hydrothermal activity along the fault is a plausible explanation. Although springs are exposed along the Butra Ree segment of the fault, M07 and we did not observe evidence for hydrothermal activity.
[22] A reasonable synoptic cooling history and interpreted fault slip history for the Butra Ree segment of the Kung Co rift, based on our zircon U/Pb, M07's mica 40 Ar/ 39 Ar, and our and M07's zircon and apatite (U-Th)/He age data, is shown in Figure 13 . To characterize cooling of the Kung Co granite following emplacement at depths of ∼8 km (<3 kbar), we completed two-dimensional thermal modeling using Heat3D (K. Wohletz, Kware HEAT3D (v4.11.0533) software, 2008; available at http://geodynamics.lanl.gov/Wohletz/Heat. htm#Download) (Table 3) . Model results show that the Kung Co granite initially exhibited very rapid cooling at rates of ∼600°C-40°C/Ma due to thermal reequilibration following emplacement at 19.1 ± 0.5 Ma at a zircon U/Pb closure temperature of ∼720°C [H. Zhang et al., 2004] . During the waning stages of thermal reequilibration, cooling rates Figure 12 . Schematic evolutionary cross sections showing location of (U-Th)/He zircon and apatite samples from this study (solid circles) and M07 (open circles) with respect to isotherms at different time intervals. (a) Prior to 10 Ma, samples were below ∼185°C, the estimated closure temperature for zircons. The modeled geothermal gradient is ∼15°C/km, although it could have been as high as 50°C/km. (b) Extreme rapid exhumation at ∼10 Ma resulted in samples from this study cooling below both the zircon and apatite closure temperatures (∼185°C and 70°C, respectively). Advection of mass and heat results in convex up and compressed isotherms in footwall. Because M07's samples are located distal with respect to the Kung Co fault, they were still above 185°C. (c) M07's samples cooled through closure isotherms at slightly different times as the footwall thermally reequilibrated. The zircon samples cooled rapidly as isotherms initially reequilibrated rapidly. Relatively high elevation apatite samples also initially cooled relatively rapidly. (d) As the thermal reequilibration rate decayed with time, the deepest apatite samples underwent progressively slower cooling between ∼9 and ∼4.1 Ma. Present-day profile is from the cross section shown in Figure 6 . See text for discussion.
dramatically decreased to ∼3°C-1°C/Ma as temperatures dropped toward ∼300°C and micas closed to argon loss at ∼15.5 Ma. Post emplacement thermal reequilibration was followed by rapid cooling, at rates of ∼40°C/Ma, associated with a rapid exhumation and initiation of slip along the Kung Co fault between ∼12.5 and 10.0 Ma. Extreme rapid exhumation, cooling at rates of ∼280°C/Ma, of the Kung Co granite indicate an acceleration in slip rate (fault slip rate of 21.9-6.9 mm/yr) along the Kung Co normal fault at ∼10.0 Ma. This episode of extreme rapid cooling was followed by thermal reequilibration at ∼10-9 Ma as temperatures throughout most of the exhumed footwall dropped from ∼200°C to <70°C. Postfaulting thermal reequilibration was, in turn, followed by slow cooling at rates of ≤5°C/Ma associated with either slow exhumation and minor fault slip and/or quiescence between ∼9 Ma and present day.
Timing of Extension Across the Tibetan Plateau
[23] In general, the initiation of approximately EW extension across the Tibetan Plateau is middle to late Miocene, although the data set is small (Figure 14) . All but one study has been completed in southern Tibet, south of the Banggong suture zone. Our study in the Kung Co rift suggests initiation of extension at ∼12-13 Ma with an accelerated episode at ∼10 Ma. Zircon and apatite (U-Th)/He thermochronometry across the footwall of the Tangra Yum Co rift, the northern continuation of the Kung Co rift, indicates two episodes of exhumation, the oldest at ∼13 Ma and a younger, more dominant one at ∼6 Ma [Dewane et al., 2006] . To the southeast in the Ama Drime massif, exhumation and associated decompression melting at 13-12 Ma are interpreted as the result of orogen-parallel extension [Cottle et al., 2009; Kali et al., 2010] . Farther to the east, EW extension across the Yadong rift, which cuts the STDS, must be <12.5 Ma because the STDS cuts the ∼12.5 Ma Kula Kangri granite [Edwards and Harrison, 1997] . To the west of Kung Co, minor normal faulting begin at ∼11-9.6 Ma during deposition of the Tetang Formation in the NS trending Thakkhola graben [Garzione et al., 2003] . In Marsyandi valley, southeast of the Thakkhola graben, muscovite from a hydrothermal vein within a NS trending fracture yielded an ∼14 Ma 40 Ar/ 39 Ar age, inferred as the onset of extension here [Coleman and Hodges, 1995] . However, M07 suggest an alternative interpretation whereby these fractures developed in response to NS contraction, a consequence of a horizontal NS oriented maximum stress, s 1 , and vertical intermediate principle stress, s 2 .
40
Ar/ 39 Ar on micas collected from the footwall of the Gurla Mandhata detachment fault and magnetostratigraphy in its superdetachment basin, the Zhada basin, suggests that orogen parallel extension here started at ∼9 Ma [Murphy et al., 2002; Saylor et al., 2009 Saylor et al., , 2010 and possibly as early as ∼15 Ma [Murphy and Copeland, 2005] . Note that the Gurla Mandhata area defines a local pull-apart structure along the Karakorum strike-slip fault, and therefore, may not be associated with regional extension. Farther to the west, 40 Ar/ 39 Ar on micas in the footwall of the Leo Pargil detachment [Thiede et al., 2006] and on synkinematic muscovites on NS striking normal faults within the footwall of the Leo Pargil detachment [Hintersberger et al., 2010] suggest onset of EW extension here at 17-14 Ma, the oldest age for initiation of normal faulting in southern Tibet. Hintersberger et al. [2010] attributed extensional deformation to the west of the Karakorum fault because that fault did not accommodate the EW extensional strain on the Tibetan Plateau.
[24] A few studies on the timing of EW extension along normal faults have been completed within the Lhasa terrane to the north of the Indus-Tsangpo suture zone (Figure 14) . Toward the eastern side of the Lhasa terrane, 40 Ar/
39
Ar data on potassium feldspar from the Nyainqentanghla massif in the footwall of the Yangbajian graben suggests extension here initiated at ∼8 Ma [Harrison et al., 1995] . In the northeastern part of this rift system, the Gulu rift, apatite (U-Th)/ He thermochronometry across footwall rocks implies that extension started 7-5 Ma [Stockli et al., 2002] . In the central part of the Lhasa terrane, zircon and apatite (U-Th)/He thermochronometry across the footwall of the Xainza rift suggests that extension initiated at ∼14 Ma along the northern portion of the rift with an accelerated episode of extension at 10-6 Ma along the length of the rift . In contrast to the timing of normal faulting, a number of ∼18-17 Ma NS trending dikes exposed just north of the Indus-Tsangpo suture zone suggest an episode of early Miocene extension [Williams et al., 2001] (Figure 14 ). These dikes may indicate an early, minor episode of EW extension [Kapp and Guynn, 2004] or they were emplaced in a stress field characterized by horizontal NS s 1 and vertical s 2 (i.e., NS contraction) [Molnar, 2005; M07] .
[25] Finally, the only estimate for onset of extension from north of the Banggong suture zone in the Qiangtang block is in the Shuang Hu rift, where 40 Ar/ 39 Ar and Rb/Sr geochronologic results on mineralization within the main bounding normal fault are interpreted to indicate that extension began before 13.5 Ma [Blisniuk et al., 2001] (Figure 14) . However, as with the Gurla Mandhata area, the Shuang Hu rift defines a pull-apart structure associated with a step along a strike-slip fault and may not have developed in response to regional extension [Molnar, 2005] . Alternatively, Taylor et al. [2003] noted that the conjugate strike-slip faults that bound the Banggong suture zone (Figure 14) are kinematically linked to north striking normal faults to the south of the suture and NE striking normal faults to the north. Analysis of earthquake moment tensors across the plateau show that about half of the extension is accommodated by normal faulting and half by strike-slip faulting [Molnar and Lyon-Caen, 1989] . Thus, the two data sets indicate that the kinematically linked normal and strike-slip faults accommodate constrictional strain char- Figure 14 . Shaded relief map of the Tibetan Plateau showing major active faults. Ages are estimates of initiation for EW extension based on emplacement of NS striking dikes (white-filled squares) [Yin et al., 1994; Williams et al., 2001] and interpreted slip along normal faults (white filled circles) [Harrison et al., 1995; Edwards and Harrison, 1997; Blisniuk et al., 2001; Williams et al., 2001; Murphy et al., 2002; Stockli et al., 2002; Garzione et al., 2003; Murphy and Copeland, 2005; Dewane et al., 2006; Thiede et al., 2006; Cottle et al., 2009; Saylor et al., 2009; Hintersberger et al., 2010; Kali et al., 2010] (also this study). Abbreviations for extension locations are as follows: AD, Ama Drime; DT, Daggyai Tso; G, Gulu; GM, Gurla Mandhata; KC, Kung Co; LP, Leo Pargil; N, Nyainqentanghla; PZ, Pabbai Zong; TG, Thakkhola graben; SH, Shuang Hu; TYC, Tangra Yum Co; X, Xigaze; XR, Xainza rift; YG, Yadong graben. Paleoaltimetry study locations (black filled squares) abbreviations are as follows: GB, Gyirong basin; HX, Hoh Xi basin; LB, Lunpola basin; ML, Manaslu leucogranite; NB, Nima basin; NOB, Namling-Oiyug basin; TG, Thakkhola graben. Solid teeth on the hanging wall of thrust faults, solid ball on the hanging wall of normal faults, and arrow pairs indicate sense of relative motion across strike-slip faults. Suture zone abbreviations are as follows: BSZ, Banggong suture zone; ISZ, Indus-Tsangpo suture zone; JSZ, Jinsha suture zone. Heavy black line shows surface projection of inferred northern limit of underthrust Indian crust from Nabelek et al. [2009] . Map modified from Taylor et al. [2003] and Kapp and Guynn [2004] . acterized by concurrent EW extension and NS contraction [e.g., Taylor et al., 2003; Mercier et al., 1987] . Furthermore, the geometry of strain accumulation based on GPS data, wherein eastward extension is approximately twice the northward convergence rate [P.-Z. Zhang et al., 2004] , is consistent with this geometry of strain release.
Models for Extension Across the Tibetan Plateau
[26] Given the caveat that the amount of data on the initiation age of extension across the Tibetan Plateau is limited, we can reach the following conclusions. NS striking dikes imply that minor EW extension initiated at ∼18 Ma, although as described above this need not be the case. Onset of slip along approximately NS striking normal faults occurred at ∼14-10 Ma, and was followed by major pulse of accelerated normal slip at ∼10-6 Ma. This suggests that a state of stress with a vertical s 1 and EW horizontal s 3 was established in the early Miocene, but one or two major events subsequently occurred to cause onset of normal faulting and an acceleration of fault slip a few million years later.
[27] Although the timing of EW extension across the Tibetan Plateau is broadly similar, the lithospheric structure is not. Southern Tibet (south of ∼31°N) is underlain by ∼78 km thick crust and a relatively low density upper crust, and cold, high-density lower crust and lithospheric mantle interpreted to be Indian lower crust and mantle lithosphere [e.g., Nelson et al., 1996; Owens and Zandt, 1997; Schwartz, 1997, 1998; Kind et al., 2002; DeCelles et al., 2002; Shi et al., 2004; Priestley et al., 2008; Nabelek et al., 2009] . In contrast, northern Tibet (north of ∼31°N) is underlain by somewhat thinner crust at ∼65 km and hot, lower-density lower crust and lithospheric mantle, interpreted as southward descent of Eurasian lithosphere [e.g., Owens and Zandt, 1997; Molnar et al., 1993; Kosarev et al., 1999; Rodgers and Schwartz, 1998; Kind et al., 2002] . The different lithospheric structures imply that the processes that drove the onset of extension across the Tibetan Plateau during the middle to late Miocene were either the same or, if different, were broadly simultaneous.
[28] Convective removal of lithospheric mantle and replacement by hot asthenospheric mantle [e.g., England and Houseman, 1989; Jiménez-Munt and Platt, 2006] was an early, and popular, hypothesis as an underlying cause for the increase in surface height of the plateau and resultant increase in gravitational potential energy that, in turn, were the driving forces for extension across the plateau. However, low S wave velocities in northern Tibet do not require that asthenosphere is present beneath the Moho [Rodgers and Schwartz, 1998 ], and SKS anisotropy observations [e.g., Huang et al., 2000] and surface wave modeling [Priestley et al., 2006 [Priestley et al., , 2008 suggest that lithospheric mantle is present between lower Indian crust and asthenosphere beneath southern Tibet.
[29] Harrison et al. [1992] and Molnar et al. [1993] argued that the onset of EW extension on the plateau was triggered when Tibet reached its maximum elevation, and thus maximum gravitational potential energy. If this is the case, then based on the timing of extension across the plateau, maximum elevation was reached at middle to late Miocene time. Several studies, including stable isotope studies of basin sediments and micas within the northern and central Tibetan Plateau and within the Himalaya [France-Lanord et al., 1988; Garzione et al., 2000a Garzione et al., , 2000b Rowley et al., 2001; Currie et al., 2005; Cyr et al., 2005; Rowley and Currie, 2006; DeCelles et al., 2007] and leaf morphology in central Tibet [Spicer et al., 2003] have addressed paleoaltimetry and the timing of high elevations across the plateau (Figure 14) . In northeastern Tibet, Cyr et al. [2005] used a combination of oxygen and carbon isotopes and Mg/Ca ratios from carbonates in the Hoh Xil basin to infer that this basin has undergone significant surface uplift (>2.7 km) since ∼39 Ma. In central Tibet, stable isotopic data from carbonate sediments and paleosols in the Lunpola basin suggest that this part of the plateau was at an elevation of >4 km since 35 ± 5 Ma [Rowley and Currie, 2006] . Approximately 240 km to the west in Nima basin, stable isotopic and geochronologic studies of an ancient carbonate paleosol imply that central Tibet was at 4.5-5 km by 26 Ma [DeCelles et al., 2007] . In the Namling-Oiyug basin, Spicer et al. [2003] used the empirical relationship between leaf morphology and atmospheric properties related to altitude to conclude that this basin was at elevations of ∼4.6 km at 15 Ma. Stable isotopic data on pedogenic and diagenetic carbonates from the same basin were inferred to show that this part of the plateau achieved an elevation of ∼5.2 km by 15 Ma , the same within error of Spicer et al.'s [2003] France-Lanord et al., 1988] to postulate that this region has been at ∼6100 m since the time of emplacement of Manaslu plutonic complex at ∼20 Ma [Harrison et al., 1999] . A combination of stable isotopic and geochronologic data from the Thakkhola and Gyirong basins suggest they were at elevations of 4.5-6.3 km and ∼5.8 km by 11 Ma and 7 Ma, respectively [Garzione et al., 2000a [Garzione et al., , 2000b Rowley et al., 2001] . In summary, paleoaltimetry data from the Lunpola, Nima, and Namling-Oiyug basins, and the Himalayas imply little if any change in elevation across much of the plateau since ∼35 Ma, 26 Ma, 15 Ma, and 20 Ma, respectively. [30] If these limited paleoaltimetry data are representative of Tibet's mean elevation, then the onset of normal faulting across the plateau during the middle to late Miocene and accelerated pulse of extension during the late Miocene are not correlated with increase in plateau elevation. An outcome of this conclusion is that the postulated convective removal of mantle lithosphere at ∼8 Ma [Molnar et al., 1993] is an unlikely explanation for rapid increase in elevation and associated onset of EW extension [Rowley and Garzione, 2007] .
[31] Other early models for EW extension across the plateau, including basal shear caused by oblique convergence [McCaffrey and Nabelek, 1998; Liu and Yang, 2003 ] and oroclinal bending [Klootwijk et al., 1985] , predict that extension should be restricted to southern Tibet. Furthermore, the three-dimensional viscoelastic model of Liu and Yang [2003] shows that basal shear hinders extension in central and northern Tibet. Both of these predictions are inconsistent with observations that NS striking grabens and kinematically linked strike-slip faults are exposed as far north as the northern side of the Qiangtang terrane (Figure 14) .
[32] DeCelles et al. [2002] proposed a model whereby the upper crust of Tibet underwent EW extension to accommodate the slab of underthrust Indian lower crust that tapered northward vertically and horizontally beneath southern Tibet. This model predicts greater extension in the south (south of the Banggong suture zone) and a northward decrease in onset age of extension. The former is consistent with the geomorphic expression of normal faulting, which is much more pronounced in the south compared to the north [Fielding et al., 1994; Yin, 2000; DeCelles et al., 2002] (Figure 14) . The single age on the timing of extension north of the Banggong suture zone is inconsistent with this model (Figure 14) , although far more data on the timing of extension is needed in this region to systematically test this aspect of the model.
[33] Cook and Royden [2008] , building on the work of Royden [1996] , Royden et al. [1997] , and Shen et al. [2001] , developed a set of three-dimensional numerical models that investigated the effects of deformation of a laterally heterogeneous viscous crust on plateau growth. As applied to Tibet, models that incorporated a weak crustal region east of the Himalaya predicted shortening across the Himalaya and the Qilian Shan (northeast of the Qaidam Basin), EW extension across the center of the plateau, and clockwise rotation around the eastern Himalayan syntaxis. Based on these model results, Cook and Royden [2008] postulated that EW extension in the central plateau was driven by rapid flow of crustal material eastward into weak crust beneath the southeastern plateau. The initiation of uplift of the SE margin of the plateau at ∼10 Ma [Clark et al., 2005; Ouimet et al., 2010] without significant shortening is similar to the timing of onset of accelerated EW extension on the plateau, suggesting that the proposed link between extension and uplift might be valid. As pointed out by DeCelles et al. [2007] , little or no change in the high elevation across the plateau since at least the late Eocene to late Oligocene implies that eastward flow of middle or lower crust from beneath Tibet must have been balanced and partly driven by concurrent northward underthrusting of Indian crust beneath Tibet. Thus, two different, but linked processes operating in concert could have triggered onset of EW extension in northern and southern Tibet.
[34] Based on the similar timing of EW extension in Tibet, EW contraction across back-arc basins in eastern Asia, and development of new subduction zones in the western Pacific, Yin [2010] postulated that cessation of mantle upwelling and back-arc spreading along the eastern edge of Asia allowed the thickened Tibetan lithosphere to gravitationally spread toward the east. If the temporal link highlighted by Yin [2010] indicates true causality, eastward crustal flow from beneath Tibet, partly driven by underthrusting of Indian crust beneath Tibet, were likely contributing factors.
[35] In summary, the heterogeneous lithospheric structure across the plateau, absence of asthenosphere beneath Tibetan crust, and a little if any change in plateau elevation since at least the middle Miocene to late Eocene indicates that onset of extension is not correlative to increase in elevation and, therefore, the convective removal of mantle lithosphere hypothesis appears to be implausible. Constant stress mechanism models for driving extension also appear implausible because extension should be restricted to southern Tibet and hindered in central and northern Tibet. On the other hand, a combination of eastward flow of middle or lower crust from beneath Tibet accommodated by simultaneous northward underthrusting of Indian crust beneath Tibet appears to be a viable hypothesis because it can explain the onset of middle to late Miocene EW extension across the Himalayan orogeny from the high Himalaya to the Qiangtang Terrane. However, this model does not explain the apparent pulses of extension characterized by initiation of minor extension during the early Miocene with onset of slip along normal faults during the middle Miocene followed by a major pulse of accelerated normal slip during the middle to late Miocene. Clearly, far more data on the spatial and temporal distribution of normal faulting across the Tibetan Plateau, particularly within the Qiangtang Terrane, are needed to thoroughly characterize the processes that drove the onset of EW extension.
Conclusions
[36] Detailed new and published zircon and apatite (U-Th)/ He thermochronometry, and inverse modeling of these ages from the footwall of the approximately NNW striking Kung Co normal fault yield insight into the timing of and slip rate along this fault. We suggest that subsequent to thermal reequilibration following emplacement of the ∼19.1 Ma Kung Co granite, rapid fault slip along the Kung Co fault initiated at ∼12-13 Ma, and downdip fault slip accelerated to an extreme rate of 21.9-6.9 mm/yr at ∼10 Ma. This episode of footwall exhumation was followed by an episode of rapid thermal reequilibration that waned with time, and was followed by either quiescence or slow exhumation since ∼9 Ma. Initiation and then acceleration of EW extension at 10-13 Ma along the Kung Co fault is similar to the onset of and acceleration of EW extension elsewhere across the south central part of the plateau, although this data set is relatively small. We suggest that a plausible explanation for the onset of EW extension across the Tibetan plateau was a combination of eastward flow of middle or lower crust from beneath Tibet accommodated and partly driven by simultaneous northward underthrusting of Indian crust beneath Tibet.
Appendix A [37] In this section we briefly discuss the equations that are solved within the HeMP model and the parameters that go into the calculation of model ages. For a more detailed description of this method see Ketcham et al. [2000] , Ketcham [2005] , and Flowers et al. [2009] .
[38] The time-temperature paths (t-T paths) are subdivided into discrete intervals following the rules that the individual interval cannot exceed a temperature range greater than 3.5°C and has to be shorter than 1% of the overall t-T path duration. This ensures accurate results while keeping computational time within reasonable limits.
[39] The first step in our calculation is the conversion of measured grain dimensions into spheres of equivalent radius (a) using the surface-to-volume ratio (S/V) of the geometries of interest (tetragonal prism for zircon, hexagonal prism for apatite):
This transformation is supported by Farley et al. [1996] and Meesters and Dunai [2002] , who showed that the effects of 4 He ejection due to long alpha stopping distances are proportional to the S/V of a variety of mineral geometries encountered in (U-Th)/He dating.
[40] The sphere is subsequently subdivided into a closely spaced grid (513 nodes) along its radius to track the He diffusion toward the periphery of the grain.
[41] To calculate a final model age for a given thermal history one has to keep track of how much daughter ( 4 He) is produced as well as how much 4 He is diffusing out of the grain during each interval. Because of the long stopping distances of 4 He particles traveling through the grain, an effective He production (A eff ) for each node has to be calculated to account for loss of 4 He due to ejection beyond the sphere radius. This is accomplished with following equation [see Ketcham, 2005] :
where X i is the radial position of the node, X′ is the radial position of the shell edge relative to the spherical grain, S P is the average stopping distance for parent isotope P (given in the work by Farley et al. [1996] ), and A is the uncorrected He production. we are then able to calculate the amount of 4 He produced at each node in the sphere during each interval bounded by t 1 and t 2 . This quantity is added at the beginning of each interval and subsequently subject to diffusion for the duration of the interval at its mean temperature. As shown later, the solution for diffusion in a sphere contains the diffusivity that is traditionally calculated with the Arrhenius equation:
where D o is the diffusivity at infinite temperature, E is the activation energy, R is the gas constant, and T is the mean temperature in Kelvin of the interval of interest. where E trap is the activation energy associated with the radiation damage traps; subscript "L" for diffusivity and activation energy is used to differentiate these quantities that were obtained from diffusion in undamaged crystals from the conventional notation values used in the conventional Arrhenius equation above; k o is the radiation damage density scaled by v rd .
[42] At this point we have converted the euhedral grain shapes into spheres of equivalent radii to reduce symmetry to a single dimension (radius) and defined the ejection corrected quantity of 4 He that needs to be added at each individual time interval along the t-T path. In the next step we utilize the Crank-Nicholson finite difference solution [e.g., Press et al., 1988] to solve for diffusion in a sphere:
where u is the substitution of the He concentration multiplied by the radius, i subscript refers to the nodes along the radius, and n superscript to the interval number along the t-T path. Now we are able to track the amount of 4 He produced and diffused for each interval. Summing over the diffusion profile at present time given by the final 4 He concentration along the nodes and multiplying with the volume of the sphere gives the final amount of 4 He retained within the spherical geometry. Simply dividing this quantity by the He production rate yields the He model age: [43] To obtain a measure for the fit of the model age (t mod ) compared to the actual sample age (t meas ) we use the "goodness of fit (GOF)" criterion of Ketcham et al. [2000] : where s refers to the uncertainty of the sample age. Based on the merit function of Ketcham et al. [2000] , we define the model age as an acceptable solution if GOF > 0.05, and as a good solution if GOF > 0.5. This value is calculated for each individual phase (apatite, zircon) for all the samples in the transect and only t-T paths that match all the sample ages (minus a user-defined number of allowed outliers) produce the statistically acceptable model ages shown in Figures 9 and 10. It is important to note that all the solutions are independent of each other and statistically equal, in other words, we do not use any technique to force the t-T paths in any direction once an acceptable fit was obtained but let the model explore all possible t-T combinations within the limits of the user constraints.
[44] To run these models, the user has to provide vertical sample spacing, grain dimensions, parent concentrations, and sample ages with uncertainties, all readily available from standard procedures in (U-Th)/He dating. For zircon, we used the diffusivity and activation energy from Reiners [2005] , despite recent publications documenting anisotropic He diffusion behavior in zircon with respect to the c axis [Cherniak et al., 2009] . Wolfe and Stockli [2010] demonstrated empirically, using a data set from the KTB ultradeep borehole, that bulk He diffusion parameters for zircons with commonly observed aspect ratios (1:3-1:5) adequately describe He diffusion behavior over geologic time. Furthermore, forward modeling of the well-established thermal history for the KTB, using bulk He diffusion parameters, produce an excellent fit with observed downhole zircon He data. Given the rapid cooling rate and the very short residence in the zircon He PRZ, any small differences in zircon He diffusion kinetics, related to diffusion anisotropy or radiation damage, are negligible as also demonstrated by Wolfe and Stockli [2010] and explored in our study. For these reasons, we feel that it is justified to use published bulk He diffusion behavior for this study as well.
[45] Due to the fact that we apply the RDAAM model from Flowers et al. [2009] to model apatite He ages, we are bound to use the diffusion kinetic and other parameters listed in their publication.
[46] Before we applied our approach to the discussed data set, in-depth testing against the HeFTy software was undertaken to ensure that our code is correct and can reproduce the results obtained from the above. A variety of synthetic apatite and zircon samples were forward modeled using four generic t-T histories (see Figure A1 ) that show (1) linear cooling, (2) very rapid cooling, (3) slow cooling through the He partial retention zone, and (4) linear reheating followed by linear cooling. Each of these t-T histories was modeled starting at t = 100, 50, and 10 Ma to check if our choice of interval lengths scales properly. As shown in Figure A1 , the majority of the model ages are well within 5% of the results obtained from HeFTy, giving us the confidence that our model results are sufficiently accurate. A table showing all the results for each t-T history is available in Table S2 . 1 Figure A1 . Test scenarios to compare HeFTy model ages [Ketcham, 2005] 
